ABSTRACT Postharvest quarantine treatments (irradiation or vapor heat) are used to control fruit ßies and other pests in mangosteen (Garcinia mangostana L) exported to the United States and Japan from Thailand. No-choice tests were conducted in the laboratory to determine whether Thai mangosteen is a host for Bactrocera dorsalis (Hendel) (oriental fruit ßy) and Bactrocera carambolae Drew & Hancock (carambola fruit ßy). Ripe commercial quality fruit (1 wk after harvest) that were either undamaged or damaged by puncturing or peeling the pericarp were exposed to a high density of gravid ßies in screen cages and then held for 10 d and dissected to inspect for immature life stages. Undamaged mangosteen fruit were not infested by B. dorsalis and B. carambolae. Partially damaged fruit with shallow punctures in the pericarp that did not extend to the aril also were not infested. Both fruit ßies could infest damaged fruit if the pericarp damage allowed oviposition in the aril. Results suggest that natural infestation of mangosteen by B. dorsalis and B. carambolae can only occur if fruit exhibit physical cracks or mechanical injury. Resistance appears to be due to the pericarp hardness and thickness as well as latex secretion. Nonhost status could be used without additional quarantine measures to achieve quarantine security against B. dorsalis and B. carambolae in mangosteen exported from Thailand.
Thailand is one of the main producers and the largest exporter of tropical fruits in the world. Mangosteen, Garcinia mangostana L., nicknamed "the queen of fruit," is one of the most highly praised Thai fruits. Mangosteen is a dioecious evergreen tree known mainly as a cultivated plant (Nakasone and Paull 1998) . The fruit is a globose and smooth berry, 4 Ð7 cm in diameter, with a persistent calyx at the stem end, and develops parthenocarpically. There are no mangosteen cultivarsÑapomictic seeds and the absence of male trees or ßowers suggest that all trees belong to a single clone. The pericarp is 6 Ð10 mm in width and turns purple at ripening; it contains a bitter yellowish latex and purple-staining juice. The edible part is the sweet white aril that envelops the seeds within the pericarp (Verheij and Coronel 1992) .
Thailand is the largest producer and exporter of mangosteen, with a cultivated area in 2012 of 73,600 ha producing 219,000 tons of fruit at a value of US$95.8 million. Approximately 178,000 tons (81%) of fruit was exported to markets in Europe, the Middle East, and various Asian countries including China and Vietnam (OfÞce of Agricultural Economics [OAC] 2012). The main production areas are in the south and east of the country.
Fruit ßies (Diptera: Tephritidae) are important quarantine pests that often compel the application of phytosanitary measures for movement of host commodities in commerce. Mangosteen in Thailand is reportedly a host of Bactrocera dorsalis (Hendel) (oriental fruit ßy) and Bactrocera carambolae Drew & Hancock (carambola Because of possible fruit ßy infestation, the export of mangosteen to countries free from B. dorsalis or B. carambolae including Japan and United States is prohibited because of quarantine restrictions without use of a postharvest quarantine treatment. Other than fruit ßies, only a few insect pests of mangosteen fruit have been reported possibly because of the bitter latex sap (Verheij and Coronel 1992, Nakasone and Paull 1998) . Mites and thrips may feed on the fruit surface causing russeting and making it unattractive for market. Mealybugs may occur on the fruit surface and can be a quarantine issue. Armstrong (1994) deÞned a fruit ßy host as a fruit or vegetable on which a female deposits eggs, the eggs hatch into larvae, and the larvae feed and develop to form viable pupae from which adults emerge. If the insect cannot completely develop to form viable adults that are capable of reproduction, then the plant is a nonhost. Cowley et al. (1992) and Aluja and Mangan (2008) proposed methods for determining host status that included laboratory and Þeld cage infestation studies, and Þeld collection of fruit and holding for any fruit ßy emergence. Follett and Hennessey (2007) outline methods to determine conÞdence levels based on sample size used during host status trials so that its equivalency to traditional quarantine treatments can be demonstrated.
A nonhost has some inherent resistance factors that prevent attack by the pest or prevent the pest from completing its life cycle (Painter 1951) . Nonhost status can be used without additional quarantine measures to achieve quarantine security if it is determined that the regulatory pest will not be introduced with the host into the import area (Follett and Hennessey 2007) . Resistance may be due to biophysical or biochemical attributes or both (Greany 1989) . For mangosteen, the hardness and thickness of the fruit pericarp, and a latex secretion in ripening fruit, may be barriers to fruit ßy attack or survival, and infestation may be limited to injured or blemished fruit. Mangosteen growers in Thailand do not consider fruit ßies as pests and do not apply pesticide sprays for their control. Burikam et al. (1992) found no B. dorsalis or B. carambolae from laboratory inspection of 40,000 mangosteen fruit obtained from orchards around Thailand. Therefore, mangosteen may qualify as a natural nonhost or conditional nonhost (North American Plant Protection Organization [NAPPO] 2008), and, if so, the requirement for a quarantine treatment before export may be unnecessary. Laboratory cage trials under deÞned conditions should be conducted when data from natural infestation trials do not establish that the fruit is a natural host (NAPPO 2008) . The objective of this research was to determine whether mangosteen is a potential host of B. dorsalis and B. carambolae using forced infestation studies in the laboratory.
Methods
Insect Rearing. A laboratory colony of B. dorsalis was started from infested mangoes, Mangifera indica L., collected at Amphoe Pak Chong in Nakhon Ratchasima province. A laboratory colony of B. carambolae was started from infested guava, Psidiium guajava L., mangoes, M. indica L., and rose apple, Eugenia spp., collected from Pattani province. Fruit samples were held until larvae emerged and pupated. Pupae were placed in rearing cages and the resulting adults were individually identiÞed under a stereomicroscope before initiating mass rearing. Fruit ßy populations were propagated using mass rearing techniques (Vargas 1989) in the laboratory at Plant Quarantine Research Group, OfÞce of Crop Protection Research and Development, Department of Agriculture, Chattuchak, Bangkok. Rearing methods were identical for B. dorsalis and B. carambolae. Colonies of ßies were held in several temperature-and humidity-controlled rooms (3.5 by 4.6 by 2.3 m) at 26 Ϯ 1ЊC, 65 Ϯ 5% relative humidity (RH), and a photoperiod of 12:12 (L:D) h. The photophase occurred from 6:00 a.m. to 6:00 p.m. The lighting system of the rearing rooms consisted of 20 ßuorescent lamps afÞxed to the ceiling above the cages and 40 lamps mounted on the walls.
For each species, Ϸ20,000 adult ßies were housed in each of the 10 16-mesh wire screen cages (65.5 by 69 by 77 cm). Adult ßies were fed an artiÞcial diet consisting of a mixture of 10 parts sugar, 1 part enzymatic protein hydrolysate (Amber series 100), and 1 part yeast extract by weight. Diet was presented to ßies in a shallow plastic dish on the cage ßoor. Water was supplied by placing a plastic bottle (16 cm in diameter by 7.5 cm in height) with perforated lid on Þlter paper on the screened top of the cage. The Þlter paper was moistened by absorbing water through three holes (1 mm) punched on the bottle lid. Adult ßies were replaced every 6 wk with newly emerging ßies. Wild ßies were added to the colony approximately every 6 mo.
A perforated polyethylene container (17 cm in height, tapering downward from 7 to 5.5 cm diameter) was used as an egg receptacle inside each adult cage. Eggs were deposited through 0.4-mm holes punched through the side of the container. To provide an ovipositional stimulus and to prevent eggs from desiccating, the inside of the egg receptacle was moistened with a solution of orange juice diluted with water. Eggs were collected once a week beginning 15 d after adult emergence, and placed on the larval diet the same day. Egg collecting was done by placing egg receptacles inside the cage. The eggs inside containers were washed under running water into a Þne mesh cloth from which they were transferred into a beaker. Eggs were kept under water until they were seeded on the larval diet. Periodic checks on egg hatch were made by placing samples with a small camel hair brush on moist blotting paper held in petri dishes and recording the number of hatched eggs. Egg hatch averaged 60 Ð70%.
A larval diet based on corn ßour was used for rearing B. dorsalis and B. carambolae (Watanabe et al. 1973) . Approximately 900 g of diet was placed in each shallow plastic tray (23 by 32 by 5 cm). Eggs were transferred onto the larval diet by using a Þne camel hair brush. The diet tray was sealed by the addition of a second inverted tray to maintain the high humidity, and was held for pupation. Mature larvae began leaving the diet at 6 d after egg transfer, and at this time the cover was removed from diet trays and trays were placed in pupae-collecting boxes (43 by 74 by 23 cm) containing sawdust (to encourage pupation). Pupal development was 8 Ð10 d, and 2 d before eclosion, pupae were separated from the sawdust by sieving through a 20-mesh screen sieve, placed in plastic tray (23 by 32 by 5 cm), and transferred to a new cage for adult emergence.
Laboratory Cage Infestation. Laboratory cage infestation experiments were conducted to determine the host status of mangosteen to B. dorsalis and B.
carambolae. For each experiment, Ϸ2,000 adult ßies (1:1 sex ratio) were transferred to 16-mesh wire screen cages (50.5 by 35.6 by 35.2 cm) with 10 mangosteen fruit for 24 h. Adult ßies had been held for Ͼ2 wk posteclosion to ensure they were sexually mature and females were gravid before use. Mangosteen fruit were small size (50 Ð 85 g) and harvest-mature and edible at color stage 6 Ð7 (pericarp purple, dark purple, or black; Nakasone and Paull 1998). This color stage was obtained by holding the fruit for Ϸ1 wk after harvest. At this stage, no latex remains in the pericarp and the aril separates easily from the pericarp when opened. Small fruit were used because the pericarp is less thick compared with large-size fruit, and therefore smaller fruit may be more susceptible to fruit ßy infestation. The following no-choice fruit treatments were investigated: 1) undamaged fruit, 2) fruit damaged by making 10 deep punctures through the pericarp to the aril (edible pulp) around the equator using a number 5 insect pin, 3) fruit damaged by making 5 shallow punctures to a depth of 2 mm in the pericarp (holes did not reach to the fruit pulp) around the equator (the thinnest part of the pericarp) using a number 5 insect pin, and 4) fruit damaged by making three circular cuttings with a knife Ϸ2 cm in diameter to the fruit surface. After the 24-h exposure period, fruits were removed from the infestation cages and placed in plastic boxes (18 by 24 by 9 cm) and held in the rearing rooms at 25Ð27ЊC and 70 Ð 80% RH for 10 d. At 10 d, fruit were dissected and visually examined for immature stages of B. dorsalis and B. carambolae. This time frame allowed eggs to develop to third instars, which are easily observed during dissection of infested fruit. In all of our trials, presence of live larvae in fruit was used as the criterion for successful infestation, and fruit were scored as infested or uninfested without counting the number of larvae. Each trial consisted of 10 cages containing 10 fruit each for each treatment, and trials were repeated 10 times (100 total replicates and 1,000 total fruit for each treatment for each fruit ßy species). Undamaged ripe guava, P. guajava (a preferred host) was included as a control treatment in the B. carambolae experiment to demonstrate the oviposition competence of female ßies and the suitability of the test conditions for ßy development. Percentage infestation data were arcsine-transformed and subjected to analysis of variance assuming a completely randomized design using the least-squares model. Means separations were performed using a TukeyÕs test.
As with traditional quarantine treatments, nonhost status can stand alone as a measure if there is high efÞcacy and statistical conÞdence (Follett and Hennessey 2007) . Host status testing assumes there may be variation in the fruit ßy population for host acceptance and use, or variation in the expression of host plant resistance, potentially allowing fruit ßy survival. Therefore, the numbers of insects or fruit tested during investigation of nonhost status can be used to determine the level of statistical conÞdence (Follett and Hennessey 2007) . The level of conÞdence associated with testing a number of insects or fruit with zero infestation of the commodity is given by the equation,
where p u is the acceptable level of infestation (as a proportion of fruit) and n is the number of test insects or fruits (Couey and Chew, 1986, Follett and Hennessey 2007) . ConÞdence levels were calculated for the number of fruits and insects tested assuming the required efÞcacy ([1 Ϫ p u ] ϫ 100) is 99.99%.
Results and Discussion
In all laboratory no-choice experiments, exposures were made in enclosed cages under high ßy densities, which may represent a worst case condition. Despite exposure to a large population of gravid ßies, no B. dorsalis or B. carambolae fruit ßy infestation was found in any undamaged mangosteens (Table 1) . Examination of fruit showed that female ßies deposited eggs onto the fruit surface, especially the areas beneath the calyx (Fig. 1) . No oviposition wounds were observed on the fruit pericarp. Larvae hatching from these eggs crawled around the fruit surface and eventually died because of desiccation or starvation.
Fruit with shallow punctures in the pericarp were also resistant to fruit ßy infestation (Table 1) . None of the 1,000 fruit exposed to B. dorsalis or the 1,000 fruit exposed to B. carambolae was infested. Shallow punctures simulated partial cracks to the pericarp due to drying, dropping, scrapes, or abrasions. Examination of punctures under a stereomicroscope showed that all punctures in each fruit contained many eggs (Fig.  2) . The ovipositor of B. dorsalis and B. carambolae is approximately the same size (1.5 mm ; Mahmood 2004) , and the pericarp of small (50 Ð 85 g), medium (85Ð120 g), and large (120 Ð155 g) size mangosteen fruit had thicknesses of 5.43 Ϯ 0.71, 5.58 Ϯ 0.81, and 6.89 Ϯ 0.99 mm, respectively (U. U., unpublished data). Although eggs were deposited very close to the ßesh, neither survivors nor traces of feeding in the ßesh were found. First-instar larvae were observed exiting the punctures and crawling on the fruit surface and eventually dying. The reason larvae exited the puncture rather than boring into the pericarp toward the aril is unknown, but may be the result of toxic or repellent compounds in the pericarp that inhibit feeding. The pericarp thickness and toughness prevented female ßies from depositing eggs beyond the puncture, and apparently also prevented larvae boring through the pericarp to the aril. Fruit with deep punctures through the pericarp to the ßesh were often susceptible to fruit ßy infestation (Table 1) . Female ßies oviposited in the pin punctures (Fig. 3) . Female ßies inserted their ovipositors into the punctures and eggs were forced inside the fruit to the aril, and hatching larvae survived by feeding on the aril. No traces of larval feeding were found on the pericarp inside the puncture. Larvae survived and developed readily on the aril (the edible ßesh).
The surface cutting treatment simulated external damage to the pericarp. All mangosteens with circular cuttings on the fruit surface that were exposed to B. dorsalis were infested, whereas only 11.7% of fruit similarly damaged were infested by B. carambolae (Table 1 ). In the case of infested fruit, eggs were deposited through the thin, shaved part of the pericarp and into the aril. Larvae hatching from these eggs survived inside the fruits (Fig. 4) . Results with these cut fruit suggest that mangosteen is susceptible to fruit ßy infestation if cracks or damage to the pericarp are sufÞciently deep such that female ßies can oviposit through the pericarp and into the aril or directly into the aril.
For each fruit ßy species, 2,000 fruit were exposed to 10,000 gravid females in the undamaged fruit and ) 2,000 for the number of fruits and C ϭ 1 Ϫ (1Ð 0.0001) 10,000 for the number of ßies, and the conÞdence levels were 18 and 63%, respectively, and true infestability was Ͻ0.0001. Burikam et al. (1992) inspected 40,000 harvest mature fruit from orchards in the eastern and central provinces of Rayong, Chanthaburi, and Nakhon Nayok, and the southern provinces of Nakhon Si Thamarat, Surat Thani, and Chumphon, during two seasons and found no infestation by B. dorsalis or B. carambolae. Combining fruit from laboratory (current study) and Þeld (Burikam et al. 1992 ) studies, and assuming a required efÞcacy of 99.99%, C ϭ 1 Ϫ (1Ð 0.0001) 42,000 , the conÞdence level is Ͼ98%, and true infestability is Ͻ0.0001. Therefore, undamaged ripe mangosteens qualify as a nonhost for B. dorsalis and B. carambolae with a high level of conÞdence.
When unripe mangosteen fruit are damaged, they secrete gamboge, a yellow exudate from broken latex vessels located in the pericarp (Fig. 5A ). Gamboge can be manifested because of any physical damage to the latex vessels such as punctures by sucking insects, wind damage, or rough harvesting and handling. Chemical analysis demonstrated the presence of tannins in the yellow latex secretion (Verheij and Coronel 1992) . Tannins can defend plants against insects by feeding deterrence or toxicity (Barbehenn and Constabel 2011) . While the yellow latex is abundant in the immature fruit, it decreases in amount as the fruit ripens and becomes edible (Fig. 5B) . As mangosteen ripens on the tree, it eventually drops, and if it falls on a layer of mulch it may still be marketable. Mangosteen is a climacteric fruit and continues to ripen after harvest or dropping (Nakasone and Paull 1998) . Growers generally do not risk leaving the fruit on the tree for natural drop, and harvest when the skin color changes, i.e., when the pericarp is light pinkish yellow with distinct irregular pink-red spots cover entire fruit (color stage 2). At this stage of ripeness, the peel is surcharged with yellow latex, whereas no yellow latex is exuded by the pericarp at color stage 6 Ð7 of ripeness when fruit become edible (Fig. 5B) . If B. dorsalis or B. carambolae females oviposit in unripe fruit, the latex exudates will form a sticky substrate onto which eggs and Þrst-instar larvae will adhere and eventually die. Therefore, harvesting mangosteens at an early stage of ripeness will minimize the risk of fruit ßy infestation. Latex secretion will also immediately seal off the feeding punctures of fruit-piercing moths, and any physical cracks, mechanical injuries, or other wounds to the pericarp, such that these wounds will not provide an opening for ovipositing female fruit ßies.
Currently, postharvest quarantine treatments are used to control fruit ßies and other pests in mangosteen. Fruit exported to the United States receive irradiation treatment, and fruit to Japan are treated by vapor heat for fruit ßies. Mangosteen exports to China and New Zealand do not require a postharvest treatment. Australia, South Africa, and South Korea have accepted mangosteen as a nonhost for tephritid fruit ßies based on the results presented here, but may require methyl bromide fumigation for surface pests either in Thailand or at port of entry. Results from laboratory-forced infestation studies reported herein suggest commercial-quality mangosteen fruit without blemishes, cracks, or defects is a nonhost for the fruit ßies B. dorsalis and B. carambolae. Mangosteen shipments to the United States landing in California are inspected by the California Department of Agriculture for insect pests and no fruit ßies have been discovered since the exports began in 2007 (K. Hoffman, personal communication), which reinforces the nonhost status of mangosteen indicated in the current study. Mangosteen should qualify as a nonhost for fruit ßies, and, if so, the requirement for a postharvest quarantine treatment before export to the United States and Japan may be unnecessary.
